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ABSTRACT  
Recent advances in large-scale production of graphene have led to the availability of solution-
processable platelets at the commercial scale. Langmuir-Schaefer (L-S) deposition is a scalable 
process for forming a percolating film of graphene platelets which can be used for electronic gas 
sensing. Here, we demonstrate the use of this deposition method to produce functional gas 
sensors, using a chemiresistor structure from commercially-available graphene dispersions. The 
sensitivity of the devices and repeatability of the electrical response upon gas exposure has been 
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characterized. Raman spectroscopy and Kelvin probe force microscopy (KPFM) show doping of 
the basal plane using ammonia (n-dopant) and acetone (p-dopant). The resistive signal is 
increased upon exposure to both gases showing that sensing originates from the change in 
contact resistance between nanosheets. We demonstrate that Arrhenius fitting of the desorption 
response potentially allows measurements of the desorption process activation energies for gas 
molecules adsorbed onto the graphene nanosheets.  
 
1.Introduction 
Graphene has shown many potential applications in electronic devices such as solar cells 
and transistor configurations.1 It has also shown promising results in electrochemical and 
bio-sensors.2 Specifically for gas sensing applications3 promising results have been 
demonstrated; such as the detection of individual NO2 molecules in a Hall bar structure,4 
a chemiresistor with an estimated detection limit of 158 ppq (part per quadrillion),5 or 
sensor arrays based on reduced graphene oxide which are selective and overcome the 
problem of device-to-device variations.6,7 Pristine graphene is known to interact with 
multiple gases,8 and chemical functionalization of graphene is used to enable selective 
detection of different gases.9 Various device structures to characterise the graphene 
response to gas exposure have been investigated; among them, chemiresistor structures10 
or the transistor configuration.11 Rumyantsev et al.11 were able to distinguish applied 
gases in the low-frequency noise of pristine graphene when fabricated into a transistor 
configuration. Graphene has also been incorporated into hybrid structures, such as with 
silver nanowires, for gas sensing.12 
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Graphene is becoming a commercially available material, with products consisting of 
small graphene platelets (of the order of 100 nm to 1 µm) that can be purchased in 
powder form or as dispersions in a variety of solvents or surfactants. Often graphene 
applications use exfoliated materials or CVD grown sheets which are transferred to a 
targeted substrate where further photolithography steps are required to fabricate a 
device.13 Materials created with these methods are not yet available in industrial 
quantities, even though simple one step CVD processes have been demonstrated,14 and 
photolithography is an expensive method to create electrodes for chemiresistor devices. 
To make a step towards industrial fabrication of graphene based gas sensors scalable and 
inexpensive methods of manufacturing electrodes are necessary. Pulsed laser ablation15 is 
a fast and efficient method for creating interdigitated electrodes (IDE) which are required 
for chemiresistive devices. This method requires structuring the electrodes before the 
deposition of the sensing material and a scalable method for producing percolating thin 
films from small-platelet graphene dispersions. Langmuir-Schaefer deposition is a 
method of controllably producing thin material films on electrodes. Percolating graphene 
films from Langmuir-Schaefer deposition have been shown,16,17 as well as the sensitivity 
of such films to hydrogen.18 Due to the nature of such networks the electrical resistance is 
dominated by the inter-sheet resistance rather than the basal plane conductivity of the 
graphene nanosheets.19 Here we show that Langmuir-Schaefer deposited commercial 
graphene platelets on laser ablated IDEs can be used to produce gas sensors in which the 
signal depends on the change in the contact resistance between the nanosheets in the 
network. KPFM and Raman spectroscopy are used to analyse the doping of the network 
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and the response of the sensor is characterized using ammonia as an electron donor gas 
and acetone as an electron acceptor gas. 
 
2.Results and Discussion 
Figure 1a and 1b show the manufacturing method of the chemiresistor structure as 
described in the experimental section. 
Figure 1c shows an optical micrograph of the fabricated device where the graphene film 
connects the individual fingers of the IDE structure. The typical response of the sensor 
when exposed to NH3 is shown in Figure 2. The resistance of the device increases with 
Figure 1 (a) Experimental laser setup used to ablate interdigitated electrodes into a metallic 
substrate. An infrared nanosecond laser is guided into a Galvoscanner which scribes the 
designed pattern into the substrate, (b) Langmuir – Schaefer was used to directly deposit 
graphene on to the IDEs, (c) optical micrograph of the fabricated device
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increasing concentration of NH3 but responds repeatably when repeatedly exposed to the 
same concentration. A drift in the sensor signal is visible which is due to desorption 
processes which happen over much longer timescales than the measurement cycle time.  
Figure 3 shows a long-time exposure of the sensor, showing that the resistance of the 
device drops back to its baseline when the desorption time is sufficiently long. Figure S2 
shows the device response to changes in humidity; we see that a reduction (increase) in 
humidity leads to a reduction (increase) in device resistance. Figure S3 illustrates the 
combined effect of humidity and simultaneous ammonia exposure (as a result of using a 
bubbler as an ammonia source for that measurement). 
Figure 2 (a) relative signal to various 
concentrations of NH3, (b) relative signal to a 
repeated concentration of 400 ppm NH3
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Kelvin force probe microscopy20 was used to determine the doping of the deposited film 







Figure 3 Exposure for 12 minutes to 150 ppm 
NH3 and a desorption time of 45 minutes after 
which the device reaches its baseline 
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Figure 4a and 4b show the contact potential difference (CPD) before and after exposure 
to ammonia of the deposited film shown in Figure 4c. The shift is quantified in figure 4d 
with the histogram of both exposures.  
 
Figure 4 KPFM measurements of the surface CPD (a) before exposure and 
(b) after exposure to ammonia, (c) topography of measured percolating 
network using AFM, (d) pixel-wise histogram of surface CPD 
measurements, showing an approximately +50mV shift after ammonia 
exposure
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The shift in CPD is around +50 meV showing the work function of the material is 
lowered. To confirm the doping Raman spectroscopy was used before and after the 
exposure to NH3; see Figure 5. A shift in the D, G, 2D and G’ features is visible due to 
doping; also the D’ shoulder in the G peak has become more prominent. The shift in the 
G peak can be used to calculate the number of molecules adsorbed on the graphene21 
resulting in an estimate of ~1.5x1012 cm-2. 
 
Comparing the potential shift from the KPFM analysis and the amount of molecules 
adsorbed with the dopant analysis of Das et al.22 the shift of the potential for 1.5x1012cm-2 
adsorbed molecules is consistent with the 50 meV potential change measured. From the 
shift of the 2D peak in the positive direction n-doping is confirmed for ammonia 
exposure.22 
Figure 5 Raman spectrum before and after exposure to ammonia. Shifts in the D, G, 2D 
and G’ peaks in positive direction are visible. The shifts correspond to doping of the 
graphene, the positive shift of the G and 2D peak indicates p-doping of the material and 
allows to calculate the number of adsorbed molecules20 resulting in 1.5.x1012 cm-2
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Graphene at room temperature in a humid environment is naturally p-doped due to 
adsorbed water molecules.23 NH3 interacts predominantly with oxygen functionalities and 
defects in graphene and dopes the basal plane with electrons, thus reducing the number of 
majority carriers (holes) leading to an increase in sample resistance24 as we have 
observed. This is confirmed by Kehayias et al.25 who analysed a reduced graphene oxide 
(rGO) gas sensor in the same way. 
These measurements do not confirm the sensing mechanism yet, as characteristically the 
conductivity in a percolating network is dominated by the contact resistance between 
individual particles rather than the bulk resistance of the material. In the case of carbon 
nanotubes the contact resistance is four orders of magnitude higher than the resistance of 
the tube itself,26 therefore the contribution of the change in the resistance upon adsorption 
at the contacts needs to be considered as well. 
First-principles studies have shown that the binding energy of NH3 on graphene edge sites 
is six times higher than on the basal plane.27,28 These values indicate the edge site 
adsorption is dominant over the basal plane adsorption, both of which contribute to the 
basal plane charge carrier density. 
In order to understand the relative contributions of doping of the basal plan and inter-
sheet resistance changes due to gas adsorption an identical measurement was performed 
using acetone which acts as an electron acceptor29. Figure 6a shows the KPFM analysis 
of the graphene nanosheets exposed to acetone, alongside a comparable resistance 
response (Figure 6b) to that shown in Figure 3. 
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The potential shift is in the opposite direction to that of the ammonia in Figure 4d. The 
device resistance in Figure 6b is seen to increase despite the increasing density of 
majority carriers (holes) due to depletion of electrons by the acetone. This indicates that 
the sensing mechanism is dominated by modification to the inter-sheet contact resistance 
rather than doping of the basal plane, as this would manifest as a decrease of resistance 
upon acetone exposure. The phenomenon of edge adsorption-dominated sensing response 
has been previously observed using dielectrophoresis of rGO which produces a similar 
Figure 6 (a) Histogram of surface CPD before and 
after exposure to acetone, measured using KPFM. 
The peak at 0V originates from areas of the 
substrate which were not covered by nanosheets, 
and which do not shift with acetone exposure. (b) 
sensor resistance response to acetone exposure
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film structure to L-S deposition.30  
The direction of the signal changes when exposed to dry air. Here a different sensing 
mechanism is taking place compared to the edge adsorption. It is well known that carbon 
materials at room temperature form a continuous layer of adsorbed water.23 The 
conductivity of the material is strongly influenced by this water layer.31 The mechanism 
of conduction is based on the Grotthuus chain reaction32 (i.e. the transfer of a hydrogen 
atom between the water molecules33).  
The binding energy of a molecule to the graphene can be inferred by exposing the system 
at different temperatures and fitting an exponential decay function, of the form 𝑅 = 𝑅0 +
∑ 𝐴𝑖exp⁡(−𝑘𝑖𝑡)𝑖  , to the desorption response using the least square method. The pre-
exponential factors 𝐴𝑖 dictate the relative contributions to the sensing response of the 
processes 𝑖 each with a rate constant 𝑘𝑖. An example of this fitting to a single device 
exposure, using two exponential terms, is shown in Figure 7a. Figure 7b shows fitted rate 
constant 𝑘 of the edge adsorption as a function of device temperature plotted as 1/k𝑏𝑇, 
where 𝑘𝑏 is the Boltzmann constant and 𝑇 the absolute temperature.  
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The Arrhenius function ⁡𝑘(𝑡) = 𝐴0 exp (
−𝐸𝑎
𝑘𝑏𝑇
), where 𝐴0 is a temperature-independent 
pre-factor, and 𝐸𝑎 is interpreted as the binding energy of the contributions of the 
ammonia molecules to the graphene, is fitted to the measurements taken at different 
temperatures in Figure 7b. 
 
The fitted value for the binding energy in this case is 100 meV. This is broadly consistent 
with theoretical predictions for the binding energy of ammonia molecules to the edge sites 
of graphene nanosheets.27 This measurement confirms that edge-site binding is the 
dominant contribution to the chemiresistive response of these devices to ammonia 
exposure. 
Figure 7 (a) Exponential fit to desorption of long 
term exposure to ammonia, (b) time constants at 
different temperatures with Arrhenius fit and 
corresponding equation
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However, the desorption response is also influenced by the humidity in the measurement 
chamber which is not directly controlled in our experimental setup. This is due to the use 
of a bubbler as an ammonia source, which limits the accuracy of the binding energy 
measurement and makes the investigation of other processes more challenging. 
Nevertheless, this type of analysis is a promising method for understanding microscopic 
graphene-gas interactions using macroscopic, ensemble measurements. 
 
3.Conclusion 
We have demonstrated chemiresistive gas sensing by preparing devices using 
commercially available graphene and scalable production methodologies, such as L-S 
film deposition and laser electrode manufacturing. We have investigated a sensor 
structure consisting of percolating graphene platelets deposited using the L-S method. 
We confirm electronic doping of the basal plane using KPFM and Raman spectroscopy. 
Ammonia was found to n-dope the graphene whereas acetone was found to induce p-
doping. The measured resistance of the system upon gas exposure to ammonia and 
acetone increases in both cases. We conclude from this that the inter-sheet resistance is 
responsible for the change in the resistance of the network rather than the intra-sheet 
conductivity. Fitting of the time-dependence of the desorption signal as a function of 
temperature is used to confirm that ammonia binding at edge sites is the dominant 
contribution to the overall device response. The binding energy obtained from Arrhenius 
analysis is consistent with predictions from the literature. 
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Such understanding of the sensing mechanism and response demonstrates the potential of 




The substrates used were obtained from AimCore Technology (Hsinchu 30351, Taiwan); 
these consist of a glass substrate sputtered with molybdenum forming a 700 nm thick 
metallic layer. The graphene was obtained from Cambridge Nanosystems (Cambridge, 
UK) in a 1 mg mL-1 concentrated isopropanol (IPA) dispersion (G1 dispersion). An 
infrared nanosecond laser (Multiwave, set to 10ns, 1064 nm) and a Galvoscanner were 
used to pattern the IDEs into the metal. The laser was used in focus with a fluence of 3 J 
cm-2 at a mark speed of 1000 mm sec-1. The finger electrode pattern was designed in a 
drawing interchange format (DXF) format created in a computer-aided design (CAD) to 
feed to the scanner. Graphene films were prepared as described by Fahimi et al.17. 2 mL 
of the graphene dispersion was spread onto the water sub-phase to form a Langmuir film 
at the air-water interface. The film was compressed from an initial area of 450 cm2 at a 
rate of 30 cm2 min-1 to a final area of 100 cm2. The IDEs were lowered horizontally into 
contact with the sub-phase to transfer the compressed film to the device structure. Raman 
spectroscopy was performed using a Renishaw InVia microscope with a 532 nm solid-
state laser, x20 objective, 10 second integration time and 5 mW power.  
We setup a gas measurement system using a bubbler and dry air (schematic in 
supplementary information) to expose the devices to ammonia which was obtained in a 1 
molar ammonium hydroxide solution from Sigma Aldrich.  The pressure of the dry air 
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supply was held at 1 bar and the flow rate at 2 L min-1. Diluted concentrations of 
ammonium hydroxide were put into the bubbler to reach different NH3 concentrations in 
the measurement chamber. A reference sensor (a1-cbiss (Wirral, UK), GASBADGE 
PRO, Single Gas Detector, 1 ppm resolution) was used to measure the NH3 concentration 
in the chamber. A temperature and humidity sensor was placed inside the chamber to 
ensure the measurement conditions remained constant. The devices were first exposed to 
ambient air with open lid and no dry air flow. The lid was closed and the flow regulated. 
For a short device exposure, the NH3 concentration was measured after 2 min before the 
lid was opened to flush the device with ambient air. For a long exposure, the 
concentration was measured at 2 min and 15 min before the chamber was flushed. A 
Keithley 2420 and LabVIEW were used to measure the device resistance over time. A 
small ceramic hotplate was mechanically fixed to the back of the device for exposures at 
elevated temperatures. 
Kelvin probe force microscopy was performed with a Bruker Dimension Icon atomic 
force microscope system using a platinum-iridium-coated silicon tip in peak force tapping 
mode using 5 nN contact force. 
 
ASSOCIATED CONTENT 
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Figure 1 (a) Experimental laser setup used to ablate interdigitated electrodes into a metallic substrate. An 
infrared nanosecond laser is guided into a Galvoscanner which scribes the designed pattern into the 
substrate, (b) Langmuir – Schaefer was used to directly deposit graphene on to the IDEs, (c) optical 
micrograph of the fabricated device  
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Figure 2 (a) relative signal to various concentrations of NH3, (b) relative signal to a repeated concentration 
of 400 ppm NH3  
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Figure 3 Exposure for 12 minutes to 150 ppm NH3 and a desorption time of 45 minutes after which the 
device reaches its baseline  
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Figure 4 KPFM measurements of the surface CPD (a) before exposure and (b) after exposure to ammonia, 
(c) topography of measured percolating network using AFM, (d) pixel-wise histogram of surface CPD 
measurements, showing an approximately +50mV shift after ammonia exposure  
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Figure 5 Raman spectrum before and after exposure to ammonia. Shifts in the D, G, 2D and G’ peaks in 
positive direction are visible. The shifts correspond to doping of the graphene, the positive shift of the G and 
2D peak indicates p-doping of the material and allows to calculate the number of adsorbed molecules20 
resulting in 1.5.x1012 cm-2  
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Figure 6 (a) Histogram of surface CPD before and after exposure to acetone, measured using KPFM. The 
peak at 0V originates from areas of the substrate which were not covered by nanosheets, and which do not 
shift with acetone exposure. (b) sensor resistance response to acetone exposure  
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Figure 7 (a) Exponential fit to desorption of long term exposure to ammonia, (b) time constants at different 
temperatures with Arrhenius fit and corresponding equation  
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